The aim of the present study is to further characterize the functional organization of the human parietal lobe. To identify subdivisions of the human parietal cortex, we collected fMRI data while ten subjects performed
ment of the intraparietal sulcus, and the posterior part parietal region. From front to back, the active areas were the posterior superior parietal lobules and the horizontal of the superior parietal lobule. Finally, an activation was seen in the left insula. and posterior segments of the intraparietal sulcus, extending down to the transverse occipital sulcus. The Pointing Inspection of the activation during the pointing task right putamen, right globus pallidus, and left thalamus were also active. showed a considerable overlap with the grasping task, including left central sulcus, left precentral and left postAttention The attention task consistently yielded a lower degree central activation, bilateral mesial superior frontal gyrus activation at the level of the supplementary motor area, of activation than the other tasks. Nevertheless, movements of visual attention activated areas partially similar and bilateral anterior cingulate activation. However, important differences with grasping were observed in the to those seen in the saccades task. The frontal network showed bilateral activations again lying at the intersecparietal lobe. While pointing caused a bilateral activation of the horizontal segment of the intraparietal sulcus, tion of the superior frontal, the middle frontal, and the precentral gyrus, but with a predominance in the right there was little or no anterior supramarginal activity, but there was a clear activation of the posterior part of the hemisphere where the activation extended downwards into the precentral sulcus. Bilateral activation was also superior parietal lobule bilaterally, extending into the left precuneus. Finally, we observed a symmetrical activaobserved in the lateral prefrontal cortex within the superior frontal sulcus. A small cluster was observed in the tion of the anterior putamen and a left thalamic activation.
right inferior frontal gyrus (BA 45). In the parietal lobe, a bilateral activation was detected in the superior parietal Saccades The saccades task yielded a distinct network of regions lobule, the precuneus, and the horizontal and superior part of the posterior segment of the IPS, with an anterior with three components. First, there was a bilateral cluster lying at the intersection of the superior frontal, the extension to the posterior part of the postcentral sulcus in the right hemisphere. middle frontal, and the precentral gyrus, corresponding to the known localization of the frontal eye fields (CorCalculation Activation was bilateral with a left hemisphere predomibetta et al., 1998). Second, there was activation in the mesial portion of the posterior superior frontal gyrus, nance. A large left cluster included the superior frontal gyrus, the precentral sulcus extending into dorsolateral plausibly corresponding with the supplementary eye field area (Grosbras et al., 1999). Third, there was an prefrontal cortex, and the inferior prefrontal gyrus (BA 44/45). Similar but smaller activation was observed in extended bilateral area of activation in the posterior An area of overlap between the calculation, language, and saccades tasks was detected in the left posterior was also observed at the symmetrical location in the right precuneus (coordinates 12, Ϫ60, 44). However, its segment of the IPS beneath the left angular gyrus. A small cluster of activation common to the calculation activation was greater during attention than during the calculation, language, or grasping tasks, but not the and language tasks, but absent during the other four tasks, was also observed just next to this activation saccades or pointing tasks. Calculation Only (coordinates Ϫ28, Ϫ68, 36). However, this region failed to show significantly greater activation during either the Activation induced by calculation only was present in the horizontal segment of the left intraparietal sulcus. language or the calculation task than during the saccade task.
Another cluster was observed during calculation and no other task at the symmetrical location in the right
The observation of an intersection between calculation, language, and saccades was unexpected. We reahemisphere (coordinates 40, Ϫ56, 52). However, it failed to pass all criteria for selectivity: activation was signifisoned that intersubject averaging and smoothing could have caused the intense saccade-related activations to cantly greater for calculation relative to pointing and ; corten subjects, there was no overlap, and the peak of activation during calculation and language showed no rected clusterwise, p ϭ 0.09). Finally, in the parietal lobe, there were no areas speactivation during saccades. In four out of ten subjects, there was marginal overlap, since calculation and lancific to calculation and saccades alone; to calculation, saccades, and attention; or to calculation and the manguage activated voxels on the fringe of the main activation for saccades. In only one subject did the calculation ual tasks of grasping and/or pointing. No parietal area was jointly activated by all six tasks. and language activation fall strictly within the saccade activation. Examination of peak coordinates confirmed that the activation during calculation and language was Discussion variable across individuals, especially in the z direction (mean Ϯ 1 SD, Ϫ31 Ϯ 5, Ϫ70 Ϯ 9, z ϭ 43 Ϯ 12). We fMRI revealed an orderly organization of activations in the parietal lobe. Because of its focus on calculation conclude that the area jointly activated by calculation and language was reproducible and dissociable from and language, our experiment focused on the left pari- etal lobe, and we asked subjects to perform the manual tasks with their right hand only. Nevertheless, several elements of the observed "parietal map," including the regions involved in grasping and in the four visuospatial tasks, were symmetrically organized in the two hemispheres. This suggests their involvement in higher level visuospatial representations rather than mere contralateral hand movement. We focused on a group analysis averaging over ten subjects. However, analyses of the individual data indicate that the major circuits associated with each task were present in all subjects with a same systematic topographical organization of the major task intersections. Obviously, our ability to delineate areas of activation common to multiple tasks is limited by the spatial resolution of the images (4 ϫ 4 ϫ 4 mm), their smoothness (about 11 ϫ 11 ϫ 11 mm in the final normalized images), and the intersubject averaging. Therefore, some of the areas identified as common to several tasks may in fact comprise multiple, interlaced, specialized subsystems whose size cannot be resolved at present. Artifactual areas of intersection might also have been created by spatial smoothing at the boundary separating two specialized regions. Further experiments with single subjects and a higher spatial resolution are needed to clarify those points.
Possible Homologies with Monkey Parietal Areas
The systematic, functional organization that we observed in human subjects during visuomotor tasks bears significant relation to the organization of the monkey parietal lobe (Rizzolatti et al., 1998). Because our tasks were not designed for direct comparability with electrophysiological studies, any identification of homologies must remain tentative. Nevertheless, human homologs of the monkey areas AIP, MIP, V6a, and LIP are suggested.
Grasping and Areas AIP and F5
Activation specific to the grasping task, and not ob- but presumably also during the grasping task since it required programming finger movements appropriate to and thus inferior to the activation observed in the present study.
the location and orientation of visually presented objects. Our grasping-specific area appears as a plausible analog of monkey area AIP (anterior intraparietal), a region Our paradigm was not designed to separate area MIP from other regions that also contribute to motor action. A new outcome of the present study, however, is that a major component of this circuit, We also observed hand movement-related activation in a left-lateralized cluster of voxels ranging from the cenlocated in the mesial and dorsal bank of the posterior intraparietal sulcus and neighboring superior parietal tral sulcus to the postcentral sulcus, the superior parietal lobule, and the horizontal segment of the IPS contralatcortex, is also very strongly activated during grasping and pointing tasks in the absence of overt eye moveeral to the moving hand. It clearly encompassed the primary motor and somatosensory hand areas. Howments. Wojculik and Kanwisher (1999) also found this area to be activated during three different forms of attenever, its posterior extension into the left middle IPS requires more discussion. This area was strongly activated tion: peripheral attention shifting, sustained attention to parafoveal locations, and temporal attention to feature during both grasping and pointing movements but totally inactive during eye or attention movements, calcuconjunctions. They suggested that its function was not the mere shifting of gaze and attention across locations, lation, and phoneme detection. A similar, though smaller, focus was observed in the right middle IPS. but rather, the suppression of task-irrelevant distractors. It is unclear, however, why the grasping task would Given that the pointing and saccade tasks involved similar stimuli, the dissociation between them suggests require suppression since no distractors were pre- were French concrete words, five to eight letters long, with frequency higher than one per million. Eighty percent of the words fixation task, subjects were asked to maintain fixation on a fixation cross that stayed within the central box while distracting white contained the sound "e" or "⑀." Subjects were instructed to mentally sound out the words and to detect stimuli containing the sound "e" squares appeared randomly in the periphery. or "⑀" by depressing a right hand button as quickly as possible. Each word was seen only once during the entire experiment. In the Pointing Task control case-detection task, the stimuli were letter strings matched This task isolated the circuit for visually guided finger-pointing to the words in number of letters. Eighty percent of these strings movements. The stimulus was similar to the saccade task except were in upper case. Subjects were instructed to detect uppercase that the fixation cross remained in the central box throughout. In stimuli by pressing a right hand button. Subjects were significantly the primary pointing task, subjects were asked to point their right slower in phoneme detection than in case detection (644 versus index finger in the direction of the box where a filled white square 481 ms; t(9 df) ϭ 6.70, p Ͻ 0.001), but the error rates did not differ appeared while maintaining their gaze on the central box. In the (7.0% versus 5.2%; t(9 df) ϭ 1.75, p Ͼ 0.10). control fixation task, subjects kept their finger pointed at the central box, neglecting randomly appearing peripheral distractors. Note that our subjects were asked to move only the index finger and to Calculation Task keep their hand, wrist, and arm still. This "pointing" task differs from This task identified cortical areas associated with simple mental the classical "reaching" task where subjects extend their arm to calculation (Chochon et al., 1999). In the primary calculation task, touch a target with the finger. Nevertheless, our activations during stimuli were Arabic digits from 2 to 9. Subjects were instructed to pointing were similar to published reports using reaching (Grafton subtract each number from a fixed reference (11 in the first run, 15 et al., 1996; Kawashima et al., 1996) . in the second) and to mentally name the result. In the control naming task, stimuli were uppercase letters between B and J, excluding Attention Task letter I. Subjects were asked to mentally name each letter. Both This task was inspired by Corbetta et al. (1998) and measured covert response times and error rates were significantly higher in the calcushifts of visual attention. Throughout the experiment, subjects were lation task than in the control task (RTs, 881 versus 553 ms; t(9 df) ϭ asked to detect, with a right hand key press, the sudden appearance 13.2, p Ͻ 0.001; errors, 5.0 versus 0%; t(9 df) ϭ 2.65, p Ͻ 0.03). of an asterisk within the same boxes as in the above saccades and pointing tasks. The onset of the stimuli was randomized relative to trial onset (flat distribution, 0-400 ms). The primary attention task Imaging Parameters was designed to induce shifts of attention to peripheral locations Functional MR images were acquired on a Siemens Signa 1.5T within a visual field. Targets appeared at predictable locations on whole-body scanner. Sequence parameters were Gradient-echo the peripheral circle, in a clockwise order, with an 80% probability.
EPI, TE ϭ 60 ms, TR ϭ 2 s, flip angle ϭ 90Њ, slice thickness ϭ 3.8 On the remaining 20% of trials, another unpredictable location was mm, interslice gap ϭ 0, image matrix ϭ 64 ϫ 64, FOV ϭ 192 ϫ 256 probed. Subjects were informed of the partial predictability of the mm, and functional voxel size ϭ 3.75 ϫ 3.75 ϫ 3.8 mm 3 . 18 axial stimuli and were instructed to shift attention, in advance of each trial, slices were acquired covering the parietal lobe and the majority of to the most probable location of the upcoming item. The efficacy the prefrontal cortex, excluding the orbitofrontal sector. Each task of these attentional instructions was monitored by comparing the sequence consisted of 97 18-slice scans, the first 4 of which were reaction times (RTs) with predictable and unpredictable trials. A not analyzed. Three-dimensional high-resolution anatomical images significant difference was found (303 versus 383 ms; t(9 df) ϭ 4.83, were also acquired (TE ϭ 2.2 ms, TR ϭ 10 ms, flip angle ϭ 10Њ, p Ͻ 0.001). The control task was intended to prevent orienting of inversion time (TI) ϭ 600 ms, matrix ϭ 256 ϫ 192 mm, FOV ϭ 220 ϫ attention to peripheral locations by engaging subjects' attention in 165 mm, 128 sagittal slices, and slice thickness ϭ 1.5 or 1.2 mm). the center. Subjects responded to asterisks presented in the central fixation box, while peripheral asterisks were also flashed simultaneously at random peripheral locations. Response times were fast Statistical Analyses (295 ms) and no different from those observed on predictable periphThe data from each individual subject was processed with Statistical eral trials (t(9 df) ϭ 1.07).
Parameter Mapping software (SPM99). Following motion correction, Subjects were instructed to refrain from moving their eyes normalization to the Montreal Neurological Institute (MNI) template, throughout the experiment. During training, subjects made at most and minimal spatial smoothing (5 mm), the activation in each session one saccade during the entire experiment (mean ϭ 0.26% saccades was modeled using a linear combination of two functions obtained per trial).
by convolving the known temporal profile of the primary and control blocks with the standard hemodynamic function of SPM. Single Grasping Task subject data were analyzed with simple contrasts for greater activaThis task identified cortical areas for visually guided hand-grasping tion during each primary task than during its control and with all 30 movements. To simplify stimulus presentation in the fMRI scanner, pairwise contrasts for greater activation in one task than in another we used a pantomime task without actual object grasping. Although (voxelwise, p Ͻ 0.001; cluster level, p Ͻ 0.05, corrected). there are important differences between pantomimed and actual Group analyses were performed with random effects analyses. grasping (Goodale et al., 1994), both require using a visuomotor We first examined, for each of the six primary tasks relative to their transformation, presumably implemented in parietal circuitry, to respective controls, the entire set of areas showing a significant shape and orient the hand in relation to a visual stimulus. Indeed, activation (voxelwise, p Ͻ 0.01; cluster level, p Ͻ 0.05, corrected). pantomimed grasping lead to parietal activations comparable to We then performed random effects analyses of all the 30 pairwise those of earlier studies using actual grasping (Binkofski et al., 1998;  comparisons between two tasks. For those pairwise comparisons, Faillenot et al., 1997; Grafton et al., 1996) . The stimuli were eight the search was confined to voxels belonging to the parietal lobe different outline shapes appearing in ten different orientations and and which showed activation in at least one of the six tasks of in four different colors (green, blue, red, or yellow). In the primary interest. The voxelwise threshold was again set at p Ͻ 0.01, and grasping task, subjects had to move their right hand and wrist as the cluster extent threshold was set to p Ͻ 0.05, corrected for fast and precisely as possible in order to mimic grasping of the multiple comparisons across the parietal volume (using the small object. In the control task, subjects kept their hand still and mentally volume correction option of SPM99; minimal cluster size, 9 voxels). named the color of the objects.
A complete table of those results is available from the authors. Here, a region is reported only if (1) all of its voxels passed a threshold for significance of p Ͻ 0.01 for the tasks of interest; (2) all of its Phoneme Detection Task This task identified the cortical circuitry of word reading (Fiez and voxels failed to pass this threshold for the remaining tasks; (3) all of the appropriate pairwise comparisons, as described above, idenPetersen, 1998), with particularly emphasis on the possible contribution of parietal cortex to the conversion from orthography to phonoltified a significant region encompassing this location; and (4) the volume of the region was at least 26 voxels. ogy (Price, 1998). In the primary phoneme detection task, the stimuli
